Orientation preference is systematically mapped as a pinwheel pattern in the primary visual cortex of primates and carnivores^[@R1]--[@R3]^. In this map, orientation changes rapidly around pinwheel centers and remains unchanged at the pinwheel blades. This organization is remarkably similar across these animals, suggesting a common organizing principle^[@R4],[@R5]^, however, its anatomical substrate remains unknown. The anatomical substrate of orientation maps is unlikely to be determined by the structure of cortical neurons since cortical dendrites are not shaped by features of the orientation map^[@R6]^ and rapid changes in orientation preference can occur within smaller distances than a dendritic field diameter^[@R3]^. Local intracortical connections among neurons with different orientation preferences could explain the broad orientation tuning near pinwheel centers, however, recent results indicate that these connections are biased towards neurons with similar orientation, even in animals without orientation maps such as the mouse^[@R7]^. A possible anatomical substrate for orientation maps could be the axonal arrangement of ON and OFF thalamic afferents in the cortex^[@R8]--[@R13]^, just as the substrate for ocular dominance maps is the arrangement of thalamic afferents from contralateral and ipsilateral eyes^[@R14]^. Here, we provide support for this anatomical substrate and conclude that thalamic afferents play a major role in shaping all topographic features of primary visual cortex including retinotopy, ocular dominance, orientation preference, direction preference and retinal disparity.

To study the relation between changes in ON-OFF retinotopy and orientation preference, we introduced a multielectrode array horizontally in cat primary visual cortex ([Fig. 1a](#F1){ref-type="fig"}) and targeted neurons within the middle cortical layers, which are the main recipient of thalamic inputs. We measured ON and OFF retinotopy with light and dark stimuli and used the ON-OFF difference to predict the preferred orientation of each cortical recording site ([Fig. 1b](#F1){ref-type="fig"}, see also [Extended Data Fig. 1a](#F6){ref-type="fig"}). Orientation tuning was measured with moving bars and represented as color maps of response time-courses ([Fig. 1c](#F1){ref-type="fig"}, left) and polar plots of response counts ([Fig. 1c](#F1){ref-type="fig"}, right). The multielectrode recordings allowed us to study different regions of the cortical orientation map including those showing abrupt changes in orientation preference ([Fig. 1d](#F1){ref-type="fig"}, section from 1.5 to 1.7 mm) and direction preference ([Fig. 1d](#F1){ref-type="fig"}, section from 0.1 to 0.2 mm).

Cortical organization of ON/OFF retinotopy {#S1}
==========================================

Previous studies demonstrated that ON and OFF thalamic afferents are clustered in visual cortex^[@R15]--[@R18]^ but their spatial arrangement and relation with other features of cortical topography remained unknown. By measuring ON and OFF retinotopy along cortical horizontal penetrations, we demonstrate that ON and OFF cortical domains form interlaced patterns similar to ocular dominance patterns. [Figure 2a](#F2){ref-type="fig"} illustrates a horizontal penetration crossing multiple interlaced ON and OFF domains. As it can be seen in [Figure 2a](#F2){ref-type="fig"}, the retinotopy remained nearly constant at the peak of each domain and changed by about half receptive field center between domains of the same sign (e.g. OFF to OFF).

The horizontal track illustrated in [Figure 2a](#F2){ref-type="fig"} ran roughly parallel along the same ocular dominance column for more than 2 mm. [Figure 2b](#F2){ref-type="fig"} illustrates a different horizontal track that crossed ocular dominance columns perpendicularly (see also [Extended Data Fig. 1b](#F6){ref-type="fig"}). Like in the previous example, the retinotopy was nearly constant around the peak of each domain and changed by about half receptive field center between peaks of the same sign. However, unlike in [Figure 2a](#F2){ref-type="fig"}, the ON and OFF domains peaked nearly at the same cortical location (around the center of the ocular dominance column). Surprisingly, we did not find a pronounced mismatch in retinotopy between the two eyes at the border of ocular dominance columns of cats, as previously reported in primates^[@R14]^. Instead, the retinotopy remained well matched in both spatial position and contrast polarity (see also [Extended Data Fig. 1b](#F6){ref-type="fig"} and [2](#F7){ref-type="fig"}). To quantify the topographic arrangement of ON and OFF domains, we calculated the correlation between normalized ON and OFF responses across cortical distance, separately for penetrations that ran tangentially or perpendicularly to ocular dominance bands ([Fig. 2c](#F2){ref-type="fig"}, see [Extended Data Fig. 1b](#F6){ref-type="fig"} and methods for selection criteria). If the ON and OFF response strengths reached their maximum at different cortical locations as in [Figure 2a](#F2){ref-type="fig"}, the correlation would approach a value of −1 and if they reached their maximum at the same cortical location as in [Figure 2b](#F2){ref-type="fig"}, the correlation would approach a value of 1. The average correlation of the ON-OFF cortical periodicity was +0.65±0.17 in penetrations perpendicular to ocular dominance bands and −0.78±0.20 in penetrations running tangentially ([Fig. 2d](#F2){ref-type="fig"}, p=0.004, Wilcoxon test), indicating that ON and OFF domains are interlaced along the main axis of the ocular dominance band but aligned along its perpendicular axis.

The periodicity of ON and OFF domains was similar in penetrations running tangentially and perpendicular to ocular dominance columns. It had a sigma of \~0.3 mm ([Fig. 2e](#F2){ref-type="fig"}, 0.27±0.12 mm, 0.25±0.10 mm), a half-period of \~0.6 mm ([Fig. 2f](#F2){ref-type="fig"}, 0.56±0.10 mm, 0.61±0.16 mm) and a period of \~1.1 mm ([Fig. 2g](#F2){ref-type="fig"}, 1.06±0.21 mm, 1.21±0.31 mm). To quantify in more detail the cortical spread and retinotopy change in each cortical domain, we selected penetrations that passed through a sequence of three or more ON and OFF domains ([Fig. 3a](#F3){ref-type="fig"}, only ON domains shown for clarity). Consistent with our previous results^[@R10]^, OFF cortical domains were significantly larger than ON cortical domains ([Fig. 3b](#F3){ref-type="fig"}, OFF: 0.65±0.32 mm, ON: 0.49±0.15 mm, p=0.048, Wilcoxon test) but were separated by similar cortical distance (ON to ON: 0.88±0.23 mm; OFF to OFF: 1.0±0.24 mm, p=0.3144, Wilcoxon test), which was about twice the distance separating domains of different sign ([Fig. 3c](#F3){ref-type="fig"}, 0.9±0.24 vs. 0.45±0.17 mm, p\<0.0001, Wilcoxon test). The retinotopy change was limited to \< 0.2 receptive field centers within each domain and approached 0.5 receptive field centers between domains of the same sign ([Fig. 3d](#F3){ref-type="fig"}, 0.18±0.12 vs. 0.44±0.24 receptive field centers, p\<0.0001, Wilcoxon test). When normalized by cortical distance, the retinotopy moved faster between domains of different sign than domains of the same sign probably because domains of different sign are less likely to share thalamic afferents ([Fig. 3e](#F3){ref-type="fig"}, 0.57±0.39 vs. 0.38±0.21 RF/mm, p=0.036, Wilcoxon test).

ON/OFF retinotopy and ocular dominance columns {#S2}
==============================================

Retinotopy is thought to change abruptly at the borders of ocular dominance columns in monkeys because of the interruption caused by the cortical representation of the two eyes^[@R14]^. Surprisingly, our recordings revealed smooth changes in cats. To quantify these retinotopy changes, we selected tangential penetrations that passed through a sequence of at least three ocular dominance columns (e.g. left-right-left, [Extended Data Fig. 1b](#F6){ref-type="fig"}) and then measured how retinotopy changed between the peaks of ocular dominance columns for the same eye. Consistent with previous work^[@R19]^, ocular dominance columns had an average width of \~0.5 mm in the cat (0.44±0.14 mm, n=31) and were separated from each other by \~1 mm (1.02±0.17 mm, n=13). Similarly to the retinotopy changes measured between ON/OFF domains of the same sign ([Fig. 3d](#F3){ref-type="fig"}), the retinotopy change between ocular dominance columns of the same eye was \~0.5 receptive field centers (0.55±0.22 receptive field centers, n=13, not shown). In fact, some cortical penetrations showed almost a perfect linear relationship between cortical distance and retinotopy with a slope of 0.5 receptive field centers per mm ([Fig. 3f](#F3){ref-type="fig"}).

OFF responses anchor cortical retinotopy {#S3}
========================================

Our previous work demonstrated that OFF thalamic afferents cover larger cortical territory and make stronger connections than ON thalamic afferents in cat visual cortex^[@R9],[@R15]^. Because of their larger horizontal extent, the retinotopy should change less for OFF than ON cortical responses with cortical distance. Remarkably, we found that OFF retinotopy is not only more precise than ON retinotopy but it acts as the anchor of the cortical retinotopic map. This surprising result that we previously reported in an abstract form^[@R20]^ has now been replicated in tree shrew visual cortex^[@R21]^ and it seems to be also present in primates ([Extended Data Fig. 3](#F8){ref-type="fig"}). In horizontal penetrations through cat visual cortex, we frequently found that ON retinotopy rotated around OFF retinotopy ([Fig. 3g](#F3){ref-type="fig"}), and that the retinotopy scatter was larger for ON than OFF ([Fig. 3h--i](#F3){ref-type="fig"}, 0.65±0.79 vs. 0.51±0.61 RF/mm, p\<0.0001, Wilcoxon test). More remarkably, OFF retinotopy not only anchored the monocular retinotopic map but also the binocular retinal disparity. In binocular receptive fields, the retinotopy changed less for OFF than ON responses and, while OFF retinotopy tended to be spatially aligned between the two eyes, ON retinotopy rotated around OFF ([Fig. 3g](#F3){ref-type="fig"}, bottom, see also [Extended Data Fig. 3](#F8){ref-type="fig"} for an example in a macaque). Binocular retinal disparity was largest for receptive field subregions of different sign, intermediate for ON-ON subregions and smallest for OFF-OFF subregions ([Fig. 3j](#F3){ref-type="fig"}, top, 0.31±0.18, 0.23±0.20 and 0.14±0.11 receptive field centers, p\<0.0001, Wilcoxon test). Moreover, OFF binocular retinal disparity remained small even if differences in relative spatial phase increased while ON retinal disparity could change by nearly 0.5 receptive field centers ([Fig. 3j](#F3){ref-type="fig"}, bottom). These results indicate that retinotopy is matched at the border of ocular dominance columns not only in spatial position but also in ON/OFF contrast polarity. This binocular match in ON/OFF retinotopy is not very different from that observed in mice^[@R22]^, an animal that does not have ocular dominance columns or orientation maps. However, the ON/OFF retinotopic match in the cat is most precise for OFF cortical responses, which act as the anchor of both monocular retinotopy and binocular retinal disparity. The limited retinotopy changes at the borders of ocular dominance columns seem ideal to generate a smooth and precise map for retinal disparity^[@R23]^.

ON/OFF retinotopy and orientation preference {#S4}
============================================

Our previous work showed that the arrangement of OFF and ON thalamic afferents in visual cortex is closely related to the representation of orientation preference^[@R9]^. To quantify this relationship across the horizontal dimension of visual cortex, we first compared the average periodicity of ON/OFF retinotopy with the periodicity of orientation preference across cortical distance. The periodicity of orientation preference was very pronounced even in single horizontal penetrations ([Fig. 3k](#F3){ref-type="fig"}, left, see also [Extended Data Fig. 4](#F9){ref-type="fig"}) and, on average, it had a half-period of 0.67 mm and a full period of 1.27 mm ([Fig. 3k](#F3){ref-type="fig"}, middle), which closely matched the average periodicity of ON/OFF retinotopy ([Fig. 3k](#F3){ref-type="fig"}, right, 0.57/1.02 mm; 0.56/1.06 mm for tangential penetrations; 0.61/1.21 mm for perpendicular penetrations). The difference in retinotopy between neurons separated by 0.1 mm was 1.6 times larger for subregions of different sign (ON-OFF) than subregions of the same sign ([Fig. 3l](#F3){ref-type="fig"}). However, the different/same-sign ratio decayed very rapidly with cortical distance to 89% at 0.3 mm ([Fig. 3l](#F3){ref-type="fig"}), closely matching the size of cortical orientation domains^[@R24]^. Receptive field similarity (as defined by correlation coefficient) also decayed with cortical distance but at a much slower rate ([Fig. 3m](#F3){ref-type="fig"}, 87% at 1 mm).

The relationship between ON/OFF retinotopy and orientation preference was very pronounced when we selected horizontal penetrations that passed through cortical regions with pronounced ON/OFF spatial segregation and good orientation selectivity ([Fig. 4a](#F4){ref-type="fig"}, more examples in [Extended Data Fig. 5](#F10){ref-type="fig"} and [6](#F11){ref-type="fig"}). In these penetrations, the orientation preference measured with moving bars was strongly correlated with the orientation preference predicted from the ON-OFF receptive field structure ([Fig. 4b](#F4){ref-type="fig"}, r^2^: 0.68, p\<0.0001; median r^2^ within-penetration: 0.75; see methods for selection criteria) and the median prediction error was just 17.3 degrees ([Fig. 4c](#F4){ref-type="fig"}, probability that the distribution is uniform random: p\<0.0001, Wilcoxon test). The predictions of orientation preference were not as good in horizontal cortical penetrations that had receptive fields strongly dominated by one contrast polarity, as our methods were not sensitive enough to measure the retinotopy of weak-non-dominant responses. In particular, pinwheel centers had a tendency to be more dominated by one contrast polarity than adjacent cortical regions ([Fig. 4d, e](#F4){ref-type="fig"}) and most of them were OFF dominated ([Fig. 4f](#F4){ref-type="fig"}; pinwheel defined as monocular recording sites responding to all stimulus orientations). This result is consistent with the notion that OFF thalamic afferents cover more cortical space and make stronger connections than ON thalamic afferents^[@R9],[@R15]^. It should be noted, however, that few pinwheels were completely OFF dominated ([Fig. 4d](#F4){ref-type="fig"} shows one example), and none were completely ON dominated ([Fig. 4f](#F4){ref-type="fig"}). The lack of purely OFF dominated or ON dominated pinwheels is consistent with the spread of thalamic axons, which can be more than 1 mm along the main axis of an ocular dominance column^[@R25]^ while the average separation between ON and OFF domains is only 0.5 mm ([Fig. 3c](#F3){ref-type="fig"}). Also consistent with the OFF dominance of visual cortex, regions in which ON retinotopy rotated around OFF (n=15 regions) were also more frequent than regions in which OFF retinotopy rotated around ON (n=4 regions, [Extended Data Fig. 7](#F12){ref-type="fig"}).

ON/OFF retinotopy and direction preference {#S5}
==========================================

While our previous work predicted that cortical changes in ON/OFF retinotopy should be related with changes in orientation preference^[@R9]^, we were very surprised to find also a strong relation with changes in direction preference. Because weaker receptive field subregions generate responses with longer response latencies than stronger subregions, cortical responses coincide in time and reinforce each other when a stimulus moves from a weak to a strong subregion but not in the opposite direction^[@R26]--[@R31]^. Remarkably, in cortical horizontal penetrations that passed through direction fractures (rapid reversals of direction preference), abrupt changes in the retinotopic position of the strongest receptive field subregion were associated with abrupt changes in direction preference ([Fig. 4g](#F4){ref-type="fig"}). To quantify more carefully this relationship, we selected penetrations in which direction preference changed abruptly but orientation remained relative constant (to avoid rotations or translations in retinotopy that were not related with direction). In 24 penetrations that met this criterion, rapid reversals in direction preference ([Fig. 4h](#F4){ref-type="fig"}, marked as 0 cortical distance) were strongly associated with rapid changes in the retinotopy of the strongest receptive field subregion and both occurred within 0.1 mm.

Discussion {#S6}
==========

Our findings suggest that the visual cortical topography of higher mammals is governed by a precise match in the properties of the thalamic afferents that converge at the same cortical point. The afferents are precisely matched in retinotopy, which changes slowly at 0.5 RF/mm ([Fig. 5a](#F5){ref-type="fig"}). They are also matched in eye input and ON/OFF polarity, which leads to a columnar organization for both ocular dominance^[@R14]^ and ON/OFF^[@R10],[@R32]^ ([Fig. 5a](#F5){ref-type="fig"}). In OFF domains, which are most prominent, OFF afferents are better matched in retinotopy than ON afferents and the opposite is true in ON domains. In this OFF- dominated and OFF-centric topography, changes in orientation and direction preference are determined by changes in ON/OFF retinotopy. Therefore, orientation preference may show a tendency to remain constant across the border of ocular dominance columns^[@R33]^ simply because ON/OFF retinotopy also remains constant ([Fig. 5a](#F5){ref-type="fig"}).

It is unclear what developmental mechanisms could generate this precise ON/OFF retinotopic match at each cortical point. However, if OFF domains with precisely matched retinotopy appear first during development^[@R34]^, the retinotopy of the ON afferents may have to be displaced within each OFF domain so that ON and OFF afferents can simultaneously drive the same cortical targets ([Fig. 5b](#F5){ref-type="fig"}). This mechanism would make ON receptive fields rotate around OFF receptive fields and, as a consequence, orientation/direction maps would originate ([Fig. 5c](#F5){ref-type="fig"}) in a sensory map that is represented as continuously as possible^[@R14],[@R35]^. In visual cortex, this continuous representation can be accomplished by precisely matching the response properties of ON and OFF thalamic afferents, however, the same principles may apply to other sensory spaces and afferents feeding other cortical areas that have maps for touch, hearing or spatial navigation^[@R36]--[@R40]^.

Methods {#S7}
=======

All procedures were performed in accordance to the guidelines of the U.S. Department of Agriculture and approved by the Institutional Animal Care and Use Committee at the State University of New York, State College of Optometry.

Surgery and preparation {#S8}
-----------------------

Adult male cats (ages: 6--12 months, n =40) were tranquilized with acepromazine (0.2 mg/kg, intramuscularly) and initially anesthetized with ketamine (10 mg/kg, intramuscularly). An intravenous catheter was inserted into each hind limb to allow continuous infusions of propofol (5--6 mg/kg/hr) and sufentanil (10--20 ng/kg/hr) for anesthesia, vecuronium bromide (0.2 mg/kg/hr) for muscle paralysis, and saline (1--3 ml/hr) for hydration. All vital signs were closely monitored and carefully maintained within normal physiological limits. The nictitating membranes were retracted with 2% neosynephrine and the pupils dilated with 1% atropine sulfate. Contact lenses were used to protect the corneas and focus visual stimuli on the retina. The positions of the optic disk and the area centralis were plotted on a screen in front of the animal by using a fiber optic light source. Details of the surgical procedures have been described previously^[@R10]^. We also performed recordings in one male rhesus macaque (age: 8.5 years, 10 Kg) using similar procedures to those described above. The macaque was anesthetized with ketamine (10 mg/kg, intramuscularly) and diazepam (0.75 mg/kg, intravenous) followed by propofol (1.8 mg/kg, intravenous) and a continuous infusion of sufentanil citrate that was maintained throughout the experiment (6--20 μg/kg/hr, intravenous). The animal was paralyzed after finishing the surgery with vecuronium bromide (0.1 mg/kg/hr, intravenous).

Electrophysiological recordings and data acquisition {#S9}
----------------------------------------------------

We used linear 32-channel multielectrode arrays (inter-electrode distance = 0.1 mm, Neuronexus) to record multi-unit neuronal activity along the horizontal dimension of primary visual cortex ([Fig. 1a](#F1){ref-type="fig"}). The signals from the recording electrodes were amplified, filtered, and collected by a computer running Rasputin (Plexon), as previously described^[@R10]^. The multielectrode arrays were introduced with a small angle nearly parallel to the cortical surface (\<5 degrees), parallel to the anteroposterior axis in the middle of the posterolateral gyrus and were centered in layer 4. The centering of the recordings in layer 4 was estimated from cortical depth, local field potentials and the presence of simple receptive fields measured with white noise, which are mostly restricted to layers 4 and 6 in cat visual cortex^[@R10],[@R41]^. Sample size was chosen to be the largest possible for each analysis performed. All comparisons were evaluated for statistical significance using two-sided Wilcoxon tests (signed-rank for paired data and rank-sum for non-paired), except for [figure 4e](#F4){ref-type="fig"} (one-sided Wilcoxon test). Data distributions are described in the main text by their mean and standard deviations (median for [figure 4c](#F4){ref-type="fig"}) while the figures show either standard deviations or standard errors (see figure legends). No randomization was used to determine how samples or animals were allocated to experimental groups and no blinding approach was used for sample selection.

Visual stimulation {#S10}
------------------

Visual stimuli were generated in Matlab (The MathWorks) using the Psychophysics Toolbox extensions^[@R42]^ and presented on a calibrated CRT monitor (refresh rate=120 Hz, mean luminance=61 cd/m^2^). The monitor was positioned such that the receptive fields of all recorded channels were covered by the visual stimulus. We used light and dark moving bars (16 directions, 8 orientations) to measure orientation tuning ([Fig. 1c](#F1){ref-type="fig"}) and receptive fields were mapped using sparse noise stimuli. The frames of the sparse noise were updated at a rate of 30 Hz (monitor refresh rate, 120 Hz) and the sparse noise targets were either light (120 cd/m^2^) or dark (\<2 cd/m^2^). Light targets were presented on a dark background and dark targets on a light background ([Extended Data Fig. 1a](#F6){ref-type="fig"}). We used large targets (1--2 degrees/side) to drive responses from weak receptive field flanks. The use of large stimuli greatly overestimates the size of the receptive fields but provides a reliable estimate of the receptive field center of mass (retinotopy). Visual stimuli were presented to one eye at a time (monocular stimulation).

Data analysis {#S11}
-------------

All data analysis was performed in Matlab using customized analysis routines and described below for each major set of measurements.

Orientation selectivity and receptive field analysis {#S12}
----------------------------------------------------

Orientation tuning was measured with moving bars (16 directions of motion) and fitted with a von Mises function^[@R43]^. The orientation/direction preference and selectivity were extracted from the fits, as previously described^[@R44]^. To precisely estimate the spatial ON and OFF receptive fields of each recording site, we calculated the peri-stimulus-time-histogram (PSTH) at a temporal resolution of 1 msec for each stimulus pixel. This analysis resulted in a three dimensional array (x-space, y-space, time) representing the neuronal response in space and time. We then estimated the spatial receptive field by integrating all spikes caused by the stimulus onset ([Extended Data Fig. 1a](#F6){ref-type="fig"}, gray shaded area in the PSTH) after smoothing the temporal response with a Gaussian window (sigma = 10 msec). The ON receptive fields were calculated from the response onset to light targets and the OFF receptive fields from the onset to dark targets. This analysis resulted in four receptive field measurements for each cortical site (contra eye: ONc and OFFc; ipsi eye: ONi and OFFi). Each receptive field was then normalized by subtracting its mean and by dividing by its maximum. The normalized ON and OFF receptive fields were then used to calculate the ON-OFF receptive fields by subtracting OFF from ON. When showing receptive fields to compare changes in ON/OFF retinotopy across the cortex ([Fig 2a](#F2){ref-type="fig"}), we also normalized by the maximum response of ON and OFF, whichever was greater (normalization for contrast polarity). When showing binocular receptive fields to compare changes in ocular dominance ([Fig 2b](#F2){ref-type="fig"}), we also normalized by the maximum response of both eyes, whichever was greater (normalization for ocular dominance). The receptive-field integration-time was 50 msec to measure ON/OFF retinotopy ([Fig. 2](#F2){ref-type="fig"}), 200 msec to measure contra/ipsi retinotopy ([Extended Data Figure 1b](#F6){ref-type="fig"}) and variable to predict orientation preference (same procedure as explained in 'binocular organization of ON/OFF' below). Receptive field similarity across recording sites was estimated by calculating the correlation coefficient between the ON-OFF receptive fields.

Binocular alignment of receptive fields {#S13}
---------------------------------------

To measure the binocular organization of ON and OFF retinotopy, we first had to align the monocular receptive fields since the eyes are misaligned by the muscle paralysis in our preparation. To achieve an unbiased eye-alignment, we made use of the high number of simultaneously measured receptive fields (32 recording positions), using an approach that was very successful at revealing cortical maps for retinal disparity^[@R23]^. To that end, we calculated the retinotopic receptive field (Rr) by summing the ON and OFF receptive fields of all channels, separately for the ipsilateral (Rr~i~) and contralateral eye (Rr~c~). We then performed a 2-dimensional cross-correlation analysis between Rr~i~ and Rr~c~ to estimate the horizontal and vertical shift between the two eyes and used this measurement to align both eyes.

Cortical domains for ON/OFF {#S14}
---------------------------

To calculate the cortical ON/OFF domains, we analyzed the neuronal responses to light and dark sparse noise stimuli. For each cortical site we calculated the spatial receptive fields (ONc, ONi, OFFc, OFFi) at the peak of the response onset (the temporal response was smoothed with a Gaussian window, sigma = 10 msec). To extract the relative strength between ON/OFF and Ipsi/Contra responses, we normalized the amplitude of the receptive fields by the strongest response at each cortical site. A small Gaussian window (sigma = 1 recording channel) was used to smooth the responses across cortex. This analysis resulted in a 3-dimensional array for each stimulus condition (ONc, ONi, OFFc, OFFi), representing x and y of the visual field (retinotopy) and the 32 recording channels (cortical distance). From this 3-dimensional representation of the ON/OFF cortical domains, we calculated the 1-dimensional cortical activation profiles ([Fig. 2a/b](#F2){ref-type="fig"}, red and blue traces) by using the value of the maximum response at each cortical site. This analysis resulted in 1-dimensional activation profiles for ONc, ONi, OFFc and OFFi that represented the relative strength of ON/OFF and Ipsi/Contra responses at each cortical position. To estimate the correlation, spatial scale and periodicity of the ON/OFF responses across cortical distance, we calculated the cross-correlation between the ON and OFF cortical activation profiles ([Fig. 2a/b](#F2){ref-type="fig"}, red and blue traces). We used the correlation coefficient between ON and OFF as the measure for the overall correlation between ON/OFF domains. The spatial spread was estimated as the standard deviation of a Gaussian function fitted to the central part of the cross-correlogram ([Fig. 2c](#F2){ref-type="fig"}). The half period was taken as the first reversal in the cross-correlogram and the full period as the second peak ([Fig. 2c](#F2){ref-type="fig"}). To compare the cortical widths of ON and OFF domains, we selected horizontal cortical penetrations that crossed at least three ON or OFF cortical domains ([Fig. 3a](#F3){ref-type="fig"}). We then measured the width of each domain as the number of contiguous recording sites that generated responses with high signal-to-noise ratio (SNR \> 5) and averaged the widths separately for ON and OFF domains ([Fig. 3b](#F3){ref-type="fig"}). The cortical distance between domains was measured between the most central recording sites within each domain ([Fig. 3c](#F3){ref-type="fig"}). The retinotopy change was measured as the difference in retinotopy between two recording sites using the larger receptive field diameter as unit ([Fig. 3d, e](#F3){ref-type="fig"}).

To compare the ON/OFF arrangement relative to ocular dominance columns, we selected our longest horizontal-recording-tracks that either remained monocular for the same eye or alternated between monocular responses for left and right eyes along the track length. We assumed that a horizontal track that remained monocular for the same eye for more than 1.2 mm was running roughly tangentially to an ocular dominance column while a track that showed multiple alternating monocular responses for left and right eyes was running roughly perpendicular. Following this strict criteria, 5 horizontal tracks were classified as tangential to an ocular dominance column (average track length and range = 1.74 ± 0.5, 1.2 to 2.6 mm; average and range of ON/OFF domain number = 3.2 ± 0.97, 2 to 5) and 6 tracks were classified as perpendicular (average track length and range = 2.23 ± 0.51 mm, 1.4 to 2.9 mm; average and range of ocular domain number = 4 ± 1.52, 2 to 6).

Cortical domains for ocular dominance {#S15}
-------------------------------------

To measure ocular dominance columns, we selected horizontal cortical penetrations that passed through at least 3 different ocular dominance domains. The width of the domain was measured as the number of contiguous recording sites that generated responses with high signal-to-noise ratio (SNR \> 5). The cortical distance between the peaks of ocular dominance domains was measured as the distance between the central recording sites within each domain. The retinotopy change was measured as the difference in retinotopy between receptive fields located between the peaks of ocular dominance columns for different eyes using the larger receptive field diameter as unit.

Retinotopy change of ON/OFF {#S16}
---------------------------

To estimate the retinotopy change across the horizontal dimension of cortex, we measured the center of the strongest receptive field subregion by calculating the center-of-mass around the peak response (using a receptive field threshold at 70--80% of maximum response). We then calculated the Euclidian distances between the receptive field centers of paired recording sites and normalized this distance by the diameter of the larger receptive field. The receptive field diameter was approximated from the area of the receptive field above 20% of the maximum response (assuming a circular receptive field). To maximize the accuracy of our measurements, the population analysis only included cortical sites with SNR \> 10.

Binocular organization of ON/OFF {#S17}
--------------------------------

To study the binocular organization of the ON/OFF retinotopy, we fitted a 2-dimensional Gabor function to the ON-OFF receptive fields (ONc-OFFc, ONi-OFFi). We then extracted the spatial phase difference from the Gabor fits and measured binocular disparity as the retinotopic distance between the positions of the subregions from the ON-OFF receptive fields. We calculated the ON-OFF receptive field by optimizing ON/OFF segregation, as this resulted in better and more reliable fits to the 2-dimensional Gabor function. To achieve this, we used a sliding window of 50 msec and calculated the ON-OFF receptive field with a range of starting positions (0--100 msec). From this ensemble of ON-OFF receptive fields, we selected the one that had the highest signal-to-noise ratio and most balanced ON-OFF receptive field. ON/OFF balance was calculated as the absolute value of contrast polarity, where contrast polarity is (max(ON)-max(OFF))/(max(ON)-max(OFF)). If the absolute contrast polarity equals 0, ON and OFF responses are equally strong; if it equals 1, responses are completely dominated by either OFF or ON. Because the spatial phase can vary over the time course of the spatiotemporal receptive field^[@R45]^, we always used the same time point to calculate the ON-OFF receptive fields in both eyes. To maximize the accuracy of the measurements, the population analysis included only sites with ON-OFF receptive fields that had SNR \> 6 and were well fit by the Gabor function (goodness of fit \> 0.5).

Orientation and ON/OFF periodicity {#S18}
----------------------------------

To study the orientation periodicity, we extracted the orientation preference from the fitted tuning curves (see above) and then calculated the orientation difference as a function of cortical distance. We measured the orientation difference between all possible pairs on our 32-channel recording array (n=496 per recording array). We repeated this analysis across our entire dataset and calculated the median orientation difference for each cortical distance ([Fig. 3k](#F3){ref-type="fig"}, **middle**). To have a precise measurement, we included only those pairs with excellent fits in orientation tuning (goodness of fit \> 0.9), pronounced orientation selectivity (orientation selectivity index \> 0.5) and responses with high signal-to-noise (SNR \> 4), resulting in 20,672 pairs across all possible cortical distances (orientation selectivity was defined as the ratio between the response at the preferred orientation and the response at the orthogonal orientation). We then estimated the 1/2 period from the first reversal/peak of the average orientation difference across cortical distance and the full period from the second minima ([Fig. 3k](#F3){ref-type="fig"}, **middle**). To characterize the periodicity of ON/OFF responses across cortical distance, we averaged all cross-correlation measurements from ON/OFF cortical domains ([Fig. 2c](#F2){ref-type="fig"}). Because ON/OFF domains are anti-correlated in recordings tangential to the ocular dominance bands but correlated in recordings perpendicular to ocular dominance bands ([Fig. 2d](#F2){ref-type="fig"}), we multiplied the cross-correlograms of the recordings perpendicular to ocular dominance columns by -1 before averaging. We then obtained periodicity measures from the average normalized ON/OFF correlation for both the 1/2 period and the full period ([Fig. 3k](#F3){ref-type="fig"}, *right*).

Predicting orientation preference from the receptive field {#S19}
----------------------------------------------------------

To predict the orientation preference from the ON/OFF receptive fields, we first calculated the ON-OFF receptive field difference using the sliding window approach described above (see 'binocular organization of ON/OFF'). We then used the 2-dimensional discrete Fast Fourier Transform (2D-FFT) of the ON-OFF receptive field to estimate the predicted preferred orientation preference ([Fig. 1b](#F1){ref-type="fig"}, right). This population analysis only included horizontal cortical penetrations that had at least 5 recording sites with receptive fields showing clear ON-OFF segregation (SNR of ON-OFF receptive field \> 8) and good orientation selectivity measured with moving bars (orientation selectivity \> 0.5; goodness of fit for orientation tuning \> 0.6). The peaks in the 2D-FFT also had to be distant from the origin, as otherwise extracting the preferred orientation from the 2D-FFT would be ambiguous.

Orientation pinwheels and direction fractures {#S20}
---------------------------------------------

To investigate a possible relationship between ON/OFF dominance and orientation selectivity at pinwheel centers, we selected horizontal recordings in which orientation changed abruptly. To make our sample of orientation discontinuities as homogeneous as possible, we selected only cortical regions that were completely monocular, responded strongly to all stimulus orientations and had responses with high signal to noise ratio (SNR \> 5). We then measured changes in both orientation selectivity and absolute contrast polarity (OFF or ON dominance) as a function of cortical distance from the region with lowest orientation selectivity ([Fig. 4e](#F4){ref-type="fig"}). To investigate a possible relationship between ON/OFF dominance and abrupt changes in direction preference, we selected sections of horizontal cortical penetrations in which orientation preference changed \< 45 degrees but direction preference changed abruptly within ≤ 0.2 mm (receptive fields SNR \> 5). We then marked the abrupt changes in direction preference as cortical distance 0 and measured changes in direction preference and spatial location of the strongest subregion within the receptive field as a function of cortical distance. To measure the changes in retinotopic position with the maximum accuracy possible, we did not subtract responses to different stimuli and made all the measurements directly from responses to light stimuli.

Extended Data {#S21}
=============

![Measurements of ON/OFF responses and ocular dominance columns\
**a,** ON and OFF receptive fields were mapped with light (ON) and dark (OFF) sparse noise and calculated from the response to the stimulus onset (gray shaded area). **b**, Horizontal penetrations that ran for more than 1.2 millimeters through a monocular band were assumed to be nearly parallel to ocular dominance columns (top) and those that alternated monocular responses for left and right eyes (bottom) were assumed to be nearly orthogonal to ocular dominance columns (bottom). Receptive fields normalized for ocular dominance. Icons on the left illustrate ocular dominance columns for contralateral (C) and ipsilateral (I) eyes (arrow illustrates horizontal penetration). Each receptive field box has a side of 27 degrees.](nihms771696f6){#F6}

![ON/OFF domains are matched across eyes\
**a**, Integrating the ON/OFF receptive fields over 0.7 mm of horizontal cortical distance reveals ON and OFF receptive field subregions that are segregated in visual space and well matched between eyes. Notice the excellent binocular match of the receptive field subregions measured with light spots (left, two subregions displaced vertically in both eyes), and dark spots (middle left, one central subregion in both eyes). The ON-OFF receptive field difference also shows and excellent binocular match (middle right), therefore, the ON-OFF segregation can still be seen after combining the receptive fields of the two eyes (right). **b**, Integrating the ON/OFF receptive fields over a much longer distance (1.6 mm of cortex, different horizontal penetration) still reveals separate receptive field subregions with excellent binocular match. The 1.6-mm-average receptive-fields of the left and right eyes have both two ON subregions that are displaced diagonally and retinotopically matched (left). They also have two OFF subregions that are also displaced diagonally and retinotopically matched between the two eyes (middle left). A hint of the ON subregions can still be seen in the ON-OFF receptive field difference (middle right) and receptive field of both eyes combined (right), even if the receptive fields were averaged over 1.6 mm of cortex. Each square box framing a receptive field has a side of 16.2 degrees.](nihms771696f7){#F7}

![The OFF pathway may be the anchor of retinotopy also in the primary visual cortex of the macaque\
ON/OFF retinotopy measured along 0.3 mm of horizontal cortical distance in macaque primary visual cortex (n=1 monkey). As in the cat, changes in OFF retinotopy are more restricted than changes in ON retinotopy in the receptive fields of both eyes. The panels labeled 'average' show the receptive fields averaged across cortical distance separately for each eye and both eyes. The plots labeled 'retinotopy' show the retinotopy of the receptive field pixel that generated the strongest ON (red) or OFF (blue) response, shown separately for each eye and both eyes. Each square box framing a receptive field has a side of 12 degrees.](nihms771696f8){#F8}

![Periodic changes in orientation preference\
**a,** Color map showing normalized frequency of orientation difference between paired recordings measured at different cortical distances within a single horizontal penetration (same as [figure 3k](#F3){ref-type="fig"} left). **b**, Difference in orientation preference between all possible paired recordings measured within the same horizontal penetration as in a (n = 496 paired comparisons, n=1 animal). **c**, Same as a but for multiple recording sites obtained from multiple penetrations (n = 20,672 paired comparisons, n=36 animals).](nihms771696f9){#F9}

![Additional examples of horizontal recordings showing a correlation between changes in ON-OFF retinotopy and orientation preference\
**a,** Horizontal recording through 0.9 mm of cortex. From top to bottom, the first three panel rows show series of OFF, ON and ON-OFF receptive fields (left) and receptive fields averaged across horizontal cortical distance (right). The bottom row shows the orientation/direction tuning (left) and the retinotopy of the strongest response within each receptive field (right, ON: red, OFF, blue). The small circles in the orientation plots illustrate the preferred orientation predicted from the ON-OFF receptive field. **b--c,** Horizontal recordings through binocular regions of 0.5 mm (b) and 0.7 mm length (c). Notice the accurate binocular match in ON/OFF retinotopy between the two eyes and also the striking binocular similarity in orientation preference, direction preference and orientation/direction selectivity. Each receptive field box has a side of 27 (a), 23 (b) or 23.6 degrees (c).](nihms771696f10){#F10}

![Example of a horizontal penetration in which we recorded from several single neurons separated by 0.1 mm distances\
Format is similar to [Figure 4a](#F4){ref-type="fig"} and [Extended Data Figure 5a](#F10){ref-type="fig"}. The only difference is that the receptive fields and orientation plots were obtained from single neurons instead of multiunit activity. The last row shows spike waveforms from each single neuron (average and standard deviation). Each square box framing a receptive field has a side of 23 degrees.](nihms771696f11){#F11}

![Example of a cortical region in which OFF retinotopy rotates around ON retinotopy\
The figure shows a series of receptive fields mapped with dark (OFF) and light stimuli (ON) and the ON-OFF receptive field difference. The last receptive field on the right for each row shows the average of all receptive fields across 0.8 mm of cortical distance. The plot on the right shows the retinotopy of the ON (red) and OFF (blue) receptive fields. Cortical regions showing OFF retinotopy rotating around ON retinotopy were more difficult to find than regions where ON retinotopy rotated around OFF retinotopy. To estimate the relative frequency of ON and OFF retinotopy rotations, we measured the distance between the retinotopic center of mass of single horizontal penetrations for each ON or OFF receptive fields (81 penetrations with receptive field measurements from at least 5 recording sites per penetration). We then calculated a ratio of the average distances, as (ON-OFF)/(ON+OFF), and used a ratio of 0.5 as an arbitrary threshold to classify a penetration as OFF-anchored (ON rotates around OFF) or ON-anchored (OFF rotates around ON). Based on this criterion, there were 3.75 more penetrations OFF-anchored than ON-anchored (15 vs. 4 penetrations, n=17 animals). Each square box framing a receptive field has a side of 19.4 degrees.](nihms771696f12){#F12}
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![Recording from the horizontal dimension of visual cortex\
**a,** Recording configuration. **b,** Left, receptive fields mapped with light (ON) and dark (OFF) spots and ON-OFF receptive field difference. Right, orientation preference predicted with a two-dimensional Fast-Fourier-Transform (FFT) from the ON-OFF receptive field difference. **c,** Orientation/direction tuning shown as response plots (left) and polar plots (right). **d,** Changes in orientation and direction preference across horizontal cortical distance.](nihms771696f1){#F1}

![Topographic organization of ON and OFF cortical domains\
**a**, Example of a recording running parallel to an ocular dominance band. Icon on the left illustrates the recording (arrow) relative to the contralateral (C) and ipsilateral (I) bands. From top to bottom, the figure shows orientation tuning (polar and response plots), maximum ON (red) and OFF (blue) responses at each cortical site (line plot) and changes in ON and OFF receptive field position with cortical distance. **b**, Recording running perpendicular to ocular dominance bands (icon on the left) for contralateral (black) and ipsilateral (orange) eyes (continuous and dashed traces in line plots). **c**, Cross-correlation between ON and OFF response-profiles (red and blue lines in a and b) in penetrations tangential (left) and perpendicular to ocular-dominance bands (right). **d**, Average correlation between ON and OFF response profiles in tangential penetrations (n=5 penetrations, n=5 animals) and perpendicular penetrations (n=6 penetrations, n=4 animals). **e--g**, Averages for spatial scale, 1/2 period and full period of ON/OFF correlation (average differences are not significant). All error bars are standard deviations. Statistical comparisons made with two-sided Wilcoxon tests.](nihms771696f2){#F2}

![Cortical topographic relationships between ON/OFF, retinotopy and orientation preference\
**a**, Topography and retinotopy of two ON domains (receptive fields shown at the top). **b**, OFF domains (n=20 domains, n=12 animals) are wider than ON domains (n=24 domains, n=12 animals). **c**, Domains of same sign (n=16 domains, n=12 animals) are separated by twice the distance than domains of different sign (n=31 domains, n=12 animals). **d**, Retinotopy changes more across domains of same sign (n=65 domains, n=20 animals) than within domains (n=125 domains, n=20 animals). **e**, Retinotopy changes more between domains of different sign (n=31 pairs of domains, n=12 animals) than same sign (n=16 pairs of domains, n=12 animals). **f**, Example recording showing smooth changes in retinotopy with cortical distance at 0.5 RF/mm (n=496 paired comparisons, RF: receptive field). **g**, The OFF pathway anchors the cortical retinotopy of both monocular (top) and binocular receptive fields (bottom, contralateral: black: ipsilateral: orange). ON responses (red) rotate around OFF responses (blue), as illustrated by individual series of receptive fields (left), receptive fields averaged across cortical distance (Average) and retinotopy of strongest ON and OFF responses (Retinot.). **h**, Retinotopy changes with cortical distance for ON, OFF and ON-OFF responses (red: maximum, blue: minimum). Dotted lines show 20% of maximum ON responses (n=2,603 paired comparisons, n=8 animals). **i**, Retinotopy changes are more restricted for OFF than ON responses (n=962 ON and 962 OFF paired-comparisons, n=23 animals). **j**, Binocular retinal disparity is smallest when measured between OFF subregions (top, n=502 for ON-OFF, 251 for ON-ON and 251 for OFF-OFF subregions, n=28 animals). ON retinal disparity changes more with differences in spatial-phase than OFF (bottom). **k,** Periodicity in orientation preference across horizontal cortical distance within a single penetration (left) and across penetrations (middle, n=618 paired comparisons, n=37 animals). The orientation periodicity resembles the periodicity of the ON/OFF correlation (right, n=11 penetrations, n=8 animals). **l**, Retinotopy difference between subregions of different sign falls rapidly with cortical distance (n=13,416 paired comparisons, n=23 animals). **m**, Receptive field similarity also decays with cortical distance but at a slower rate (n=4,128 paired comparisons, n=23 animals). All error bars are standard errors. \* p\<0.05, \*\*\* p\<0.0001 with two-sided Wilcoxon tests.](nihms771696f3){#F3}

![Changes in retinotopy explain changes in orientation and direction preference throughout the cortex\
**a**, Horizontal penetration showing a strong relationship between changes in ON/OFF retinotopy and orientation preference. Responses to light stimuli (middle) rotate around responses to dark stimuli (top) as seen in the dark-light difference (bottom). The orientation/direction tuning and ON/OFF retinotopy are shown below the color panels (small circles in polar plots are orientation predictions based on dark-light receptive fields). **b,** Predicted/measured comparisons in 109 penetrations (916 recording sites, n=26 animals) that passed our selection criteria (see methods; dashed lines mark maximum possible mismatch). **c,** Normalized count of differences between measurements and predictions (median: 17.3 degrees). **d**, Horizontal penetration passing through a pinwheel (at 0.5--0.6 mm) that was completely OFF dominated. **e,** Pinwheel centers (aligned at cortical distance zero) tended to have higher absolute contrast polarity (either strong OFF or ON dominance) than their cortical neighborhood (n=19 penetrations, n=13 animals; p\<0.0001 for difference in orientation selectivity and p=0.039 for difference in absolute contrast polarity when comparing 0 and ± 0.3 mm, one-sided Wilcoxon tests). **f,** Histogram showing the contrast polarity of the 19 pinwheels from e. **g,** Horizontal penetration passing through regions with abrupt changes in direction preference (between 0.1 to 0.3 mm and 0.6 to 0.7 mm). Abrupt changes in direction were associated with abrupt changes in retinotopy (arrows at the top and line plots at the bottom). **h**, Aligning direction reversals at cortical distance zero (n=24 penetration sections, n=10 animals) revealed a strong association between direction and retinotopy changes (RF pos). All error bars are standard errors.](nihms771696f4){#F4}

![Principles underlying sensory map topography in primary visual cortex\
**a**, ON and OFF domains run perpendicular to ocular dominance columns and are separated by \~0.5 mm from each other. Retinotopy changes smoothly at \~0.5 RF/mm. **b**, Schematic of how the thalamo-cortical architecture could make ON receptive fields rotate around OFF receptive fields. **c**, Cartoon explaining how changes in ON/OFF retinotopy result in changes in orientation/direction preference.](nihms771696f5){#F5}
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